ABSTRACT Multiple Sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous sys-
INTRODuCTION
Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system that affects mainly young and middle-aged people at a rate of 3: 10,000. there are more than 2.5 million people with MS all over the world [1] . thus, MS is the most common demyelinating neuroinflammatory disorder wherein the immune system of a body destroys the myelin sheath of axons for reasons that remain unclear [2] . Social and economic factors are of great importance in this disease due to severe symptoms, including optic neuritis, loss of bowel and bladder control, severe paralysis, and also long duration of the chronic period. In 80% of cases, the disease begins as a relapsing-remitting form, which eventually morphs into the secondary progressive course. Much less frequently (in 20% of cases), the primary progressive form of MS occurs from the very onset [3] .
Despite the numerous studies on the etiology of MS, neither the exact cause of its development nor a potential pathogen capable of inducing the disease is known thus far. It is believed that the development of MS requires a predisposition; i.e. the chronic activation of immune cells leading to neuronal damage is possible only under a certain combination of genetic and environmental factors. Genetic screening has identified several candidate genes. HLA (human leukocyte antigen) is considered to be the most important of them, since it is associated with the MS region to the greatest extent. unfortunately, no unambiguous correlations have been identified in this case. thus, in northern europe association between the disease and HLA-DR2 or HLA-DRB1*15 has been historically established [4, 5] , while in other parts of europe (e.g., Sardinia) the strongest association was determined with HLA-DRB1*0301, HLA-DRB1*0405, and HLA-DRB1*1303 [6] . According to other sources, new haplotypes (HLA-DRB1*03, HLA-DRB1*01, HLA-DRB1*10, HLA-DRB1*11, HLA-DRB1*14 and HLA-DRB1*08) have also been found, correlating with the pathology both negatively and positively, but the strength of the effect varied from case to case [7] [8] [9] [10] . nevertheless, increased risk of MS development by the relatives of MS patients was unambiguously identified [11] [12] [13] [14] . the risk of MS in first-degree relatives was about 10-25 times higher compared to that of a normal population sample. Association between the CD40 gene (rs6074022) and MS has also been identified [15] . A significant genetic determinism of individual response to treatment with many drugs may be evidence of genetic predisposition. For example, the pharmacogenomic studies of MS have revealed a significant role for a number of polymorphic variants of genes (CCR5, DRB1, IFNG, TGFB1, IFNAR1, IL7RA, and possibly, TNF and CTLA4) in response to the administration of copaxone [16] . epidemiological studies, in turn, have identified several risk factors for MS, including bacterial and viral infections, climatic conditions, and smoking.
Although the cause of MS remains unknown, the disease is always accompanied by similar processes, such as activation and increase in immune cell number in the cnS, which further leads to demyelination, axonic/neuronal damage, and death of oligodendrocytes; these are significant symptoms of MS [17] . At the initial stages of studying MS, the major role in the development of the disease was attributed to t lymphocytes. But now we can confidently assert that activation of B cells is required for pathology development. In addition to producing pathogenic autoantibodies, B lymphocytes are also active antigen-presenting (APc) and cytokineproducing cells [18] . the list of potential autoantigens in MS is constantly expanding and includes various proteins associated with the oligodendrocyte membrane. the emphasis is on the myelin basic protein (MBP), proteolipid protein (PLP1), and myelin-oligodendrocytal glycoprotein (MOG). Moreover, the catalytic antibodies to MBP, which not only bind but also hydrolyze it, were found in the serum of MS patients and SJL mice with experimental autoimmune encephalomyelitis (MS model) [19] [20] [21] .
thus, detection of a foreign (e.g., viral) antigen capable of inducing the production of autoantibodies to components of the myelin sheath, and analysis of the structure of these antibodies may be extremely promising for understanding the mechanisms of the disease and developing new approaches to MS treatment and diagnostics.
to date, there is no medical protocol that would allow complete curing of MS patients. Betaferon, which lowers the inflammation level in the cnS [22] , and copaxone, which also reduces the exacerbation frequency [23] , are the most commonly used agents in MS patients. Vaccines aimed at eliminating autoreactive B cells are being designed; the already certified drug product rituximab (a monoclonal antibody that eliminates all B cells) is the best known among them. there are also pilot projects focused on specific elimination [24] or suppression [25] of autoreactive B cells that are precisely known to be pathogenic.
A scFv phage display library has been constructed in our laboratory on the basis of genetic material from MS patients [26] . A series of monoclonal antibodies binding MBP have been selected and characterized. In vitro cross-reactivity between MBP and latent membrane protein 1 (LMP-1 protein) of the epstein-Barr virus (eBV) has been shown for one of these antibodies. A series of papers on the possible viral induction of the disease by molecular mimicry have recently been published [27] [28] [29] ; the results were further evidence of the triggering role of eBV. In this work, we set out to determine how unique the formation of cross-reactive autoantibodies to MBP and LMP-1 is. to do this, we purposefully obtained cross-reactive clones by successive enrichment of the library on these two antigens. An analysis of their structure and germlines revealed the high diversity of these cross-reactive clones, which have the potential of inducing MS. It is interesting to note that most of the obtained antibodies are highly homologous to the antibodies to proteins of other pathogens, which may be regarded as an extension of the list of potential MS triggers.
ExPERIMENTAL

Reagents
Agar, tryptone, yeast extract (Difco, uK), mono-and dibasic sodium phosphate, sodium chloride, bovine serum albumin, fraction V (BSA), ethidium bromide, β-mercaptoethanol (Sigma, uSA), acrylamide, n`,n`-methylenebisacrylamide, sodium dodecyl sulfate (SDS), urea, Hybond c extra nitrocellulose membrane (Amersham, uSA), nP-40 surfactant glycine, isopropyl-β-Dthiogalactopyranoside (IPtG) (Fermentas, Lithuania), tMB (tetramethylbenzidine) solution (ZAO "nBO Immunotech", russia) were used. the other reagents were produced in russia and were of ultrapure grade. 
Antibodies
Antibodies to c-myc epitope produced by c-MYc hybridoma antibodies to 3-flag epitope conjugated to horseradish peroxidase (Sigma, uSA) antibodies to M13 phage envelope protein conjugated and nonconjugated to horseradish peroxidase (Ge Healthcare, uSA).
Protein expression and purification
Preparations of purified bovine MBP and recombinant human MOG (30-147 a.a.) were done according to the previously published procedure [21] . recombinant LMP-1 was expressed in HeK293 eukaryotic cells. HeK293 cells were transfected with pBudce1.4/eF/ LMP1-FLAG-His-Strep plasmid using unifectin-56. cells were lysed in a rIPA buffer with 1 M urea and inhibitor cocktail (roche, Germany) overnight at 4°c under continuous stirring. LMP-1 was purified from the lysate using anti-FLAG agarose in agreement with the protocol. the n-and c-terminal domains of LMP-1 were purified using affinity chromatography on talon resin (clontech, uSA) and then using the MonoQ sepharose column (Amersham).
Enrichment of the library
the scFv phage display library derived from the peripheral blood lymphocytes of MS patients was described previously [26] . the enrichment was carried out according to the procedure (tomlison protocol; Source BioScience, http://www.lifesciences.sourcebioscience. com) with minor modifications. 10 µg/ml of antigen (MBP, MOG , LMP-1) was absorbed on immuno tubes (Immuno tubes maxisorp, nunc, Germany) in a carbonate buffer (pH 9.2). two rounds of biopanning were carried out for each antigen. two additional rounds using MBP as an antigen were conducted in the case of double enrichment for LMP-1/MBP.
ELISA
Antigen diluted in a 0.1 M carbonate buffer to a concentration of 5 µg/ml was adsorbed on polystyrene plates (MaxiSorp, Denmark) overnight at 4°c. the next day, after removal of the antigen, the wells were washed 3 times with a PBS buffer with 0.1% tween 20. nonspecific binding regions were blocked with a 3% BSA solution in PBS, pH 7.2 (37°c, 1 h). thereafter, the wells were washed thrice with the PBS buffer with 0.1% tween 20 again and then incubated for 1 h at 37°c with the second layer reactants in the PBS buffer with 0.1% tween 20. Washing with the PBS buffer with 0.1% tween 20 was performed three times after each incubation. the antibodies of the last layer were conjugated to horseradish peroxidase. Development was conducted using the proprietary reagent tMB (ZAO "nBO Immunotech", russia); the reaction was quenched with 10% H 3 PO 4 . the absorbance (A 450 ) was measured using a Varioscan Flash microplate reader (thermo Scientific, uSA). . the reaction mixture contained 5 ng of DnA plasmid as a template and 10 pmol of the flanking primers. Pcr products were purified using a GeneJet Gel extraction Kit (thermo Scientific, uSA) and ligated with neBnext Multiplex Oligos adapters (new england Biolabs, uK) using the neBnext ultra DnA Library Prep Kit for Illumina (new england Biolabs, uK). After the samples had been prepared, the libraries were analyzed both quantitatively using Qubit (Invitrogen) and qualitatively using the 2100 Bioanalyzer (Agilent technologies). the libraries were normalized to a concentration of 10 nM based on counting and mixed at an equimolar ratio. Amplification of the samples was carried out according to the protocol (Illumina) using MiSeq with the reagent Kit v2 ( 2 × 250). Merging and alignment of the related readings was carried out based on GW cLc Bio. the characteristics of the antibodies were determined immediately after the deep sequencing using the IMGt/HighV-QueSt online resource [30] .
Filter parameters for analyzing the occurrence of the hypervariable regions the results of the alignment of the sequences obtained using deep sequencing after the analysis using the IMGt/V-QueSt software [ 31] were filtered by the following criteria: the "Functionality" field of the alignment should be "productive" (the antibody sequence should be evaluated by the program as productive); the identity of V-gene alleles and germline from the IMGt database should be 70 % or higher; and the sequences of the light chains identified by the IMGt/V-QueSt program as heavy chains were not considered.
RESuLTS AND DISCuSSION
We analyzed the structures and representation of the antibodies selected for the major MS autoantigens -MBP and MOG, as well as viral protein LMP-1, which was previously shown to be a potential trigger of MS [26] . to this end, two rounds of enrichment for MOG and LMP-1 (the enrichment for MBP was conducted previously [26] ), and two consecutive rounds of biopanning for LMP-1 and then two rounds for MBP to find cross-reactive antibodies, were conducted. All of the enrichment was carried out under the control of polyclonal eLISA. After the selection, the resulting scFvs as a component of phage particles were analyzed using monoclonal eLISA. A clone was considered positive if the signal of its binding to one or two antigens in eLISA exceeded by threefold the signal of the M13K07 phage used as a negative control (a titer of 10 13 phage particles/well). the eLISA results for the most promising clones capable of binding both MBP and LMP-1 are shown in Fig. 1 . the ability of these phage clones to bind both antigens was confirmed by at least three independent eLISA tests.
As a result, several phage clones carrying scFvs, which most efficiently bound to LMP-1 or LMP-1/MBP, were selected. the table lists the data on Table. ELISA of scFvs selected after two rounds of biopanning for respective antigens as indicated
Note. LL in the scFv name indicates that this clone was selected upon enrichment of library for LMP-1. Relative binding was calculated as a ratio between the observed signal demonstrated by selected scFv phage clone divided by the signal of the negative control (M13K07 phage) added at the same amount. Symbols: exceedence over background signal more than 1.5-fold (±), threefold (+), sixfold (++), ninefold (+++), not determined (ND). All experiments were performed in triplicates. (table) . these observations may reflect the natural situation occurring during the development of MS, when the primarily formed antibodies to some pathogen (e.g. eBV) can later interact with MBP as they enter the central nervous system (if the blood-brain barrier (BBB) is damaged), causing degradation of the myelin sheath. Apparently, the ability of these antibodies to exhibit potential polyreactivity, albeit at weak binding, is preferable over high specificity with strong affinity. Homology search among the selected monoclonal antibodies was performed for the amino acid sequences As for the light chains, the high homology of the b7 antibody and MOG-specific antibody (gb | AAY15116.1 -90% homology) may be indicative of the polyreactivity of the selected antibody, while the similarity of a6 and the antibody from the cSF of a MS patient (gb | AAS21063.1 -94% homology) may confirm the autoimmune nature of the selected antibody. In our opinion, the high proviral homology of the antibodies capable of MBP binding indicates that many viral proteins can act as the primary target for these antibodies. thus, along with genetic and environmental factors, for MS induction and activation of pathogenic B cells, not a single specific exogenous pathogen is essential, but rather the ability of this pathogen to recruit the immune cells into the central nervous system along with its own penetration, which eventually causes "multiple and disorderly" activation of such cells. In other words, the antibody-secreting cells activated in the peripheral lymph nodes migrate through the damaged BBB. thus, the primary antibodies to viral antigens interact with Table. Sequences of the H-CDR3 for the most interesting clones are indicated their own cross-reactive auto-antigens in the cnS, causing local inflammation and further development of the disease. Deep sequencing of enriched libraries was carried out to evaluate the results of the selection of antibodies to the desired antigens. About 100,000 sequences from each library (50,000 for heavy and light chains, respectively) were identified using the Illumina MiSeq equipment. Further analysis of the heavy and light chains of the selected antibodies for the occurrence of cDr3 was carried out; the relative charges of the most effectively selected cDr3 were determined. to that end, the sequences obtained using deep sequencing were aligned with those of antibodies from the IMGt database [32] using the IMGt/V-QueSt software [31] . the results of the alignments were then filtered to get rid of artifacts. Only the filtered sequencing results were further analyzed. A comparative analysis was applied to the representation of different cDr3 in the enriched (table) . the outlier points located above the regression line correspond to positive selection on the given cDr3 (it predominates in this selection compared to the other cDr3), while the outlier points below the line correspond to negative selection. We were primarily interested in the positive outliers, since they were the first candidates for functionally important cDr3 in each selection. As expected, most clones selected after the functional selection using monoclonal phage eLISA were predominant among the cDr3 that were prevailing according to their occurrence. Moreover, it is clear that clones h1 and e11 carry a heavy-chain cDr3 with increased polyreactivity, since the frequency of its occurrence is increased in all four enriched libraries compared to the original one. Light chains
cDr3 of clone h11 was amplified in the MBP, LMP-1, and LMP-1/MBP libraries, which can characterize it as part of the cross-reactive paratope for two common epitopes in MBP and LMP-1. On the other hand, an unusual situation occurred when the ArGAtStrLLSrrGHAFDV sequence underwent explicit selection for binding of MBP and LMP-1 in the analysis of the occurrence of H-cDr3, but no antibodies with such cDr3 were obtained using monoclonal phage eLISA. this fact could be attributed to the limited number of clones analyzed by phage eLISA. this situation may also result from the low affinity of the specific phage clone for two antigens in monoclonal eLISA, whereby this clone was not selected for further analysis. However, in reality it quantitatively passed selection for two antigens. In any case, further analysis of clones with similar hypervariable regions may help clarify the cross-reactivity problem. Among the light chains, scFv e12 had potentially increased cross-reactivity between MBP and MOG. It was also effectively selected in the LMP-1/MBP library after enrichment for MBP, although no effective selection for this cDr3 was observed upon enrichment for LMP-1. Interaction between two proteins occurs largely due to the charge in the contact area. Since cDr3 plays the most important role in the formation of an antibody binding site, we decided to evaluate the contribution of electrostatic interactions in this region to the binding specificity in the selection on different antigens, as well as in the selection of cross-reactive clones. We determined the occurrence frequency of cDr3 with different charges for heavy and light chains (Fig. 6) , taking into account the number of readings for each sequence. It may be noted that in the library enriched for MOG, the amount of neutrally charged cDr3 of the heavy chain fell almost by a third, and the total amount of cDr3 with a high negative net charge (-4 and higher) increased sevenfold. this is mainly due to the reduction in the positive charge (+1). A shift of the net charge to a higher charge, either positive (+4) or negative (-4), was observed in the case of selection for the other antigens. For the light chains, a decrease in the amount of neutral and an increase in the amount of weekly negative cDr3 (-1 for MBP, MOG and double enrichment LMP-1/MBP and -1-2 for LMP-1) was observed. thus, a conclusion can be drawn that although the library of antibodies of MS patients (MS in Fig. 6 ), which to some extent represents the distribution of the antibodies in the patient's body, is originally dominated by immunoglobulins with a neutral cDr3, the tendency to be autoreactive is mainly characteristic of antibodies with charged residues in the antigen binding sites. notably, heavy chains demonstrated a more significant charge shift towards the extreme values in absolute magnitude, both positive and negative, compared to light chains. this may be indicative of the more active participation of the heavy chain in the formation of a binding site.
CONCLuSIONS
We obtained a panel of antibodies to several autoantigens in MS patients, as well as a set of cross-reactive antibod-ies binding both to the epstein-Barr virus protein and to the structural unit of the myelin sheath (MBP). the high homology of the antibodies to selected autoantigens and viral or bacterial pathogens may attest to the participation of several viruses in the development of MS. Polyreactivity of autoantibodies in MS patients can be due to the combination of two chains, a heavy and light one, each of them being largely responsible for binding to its own antigen. In the case of sequential selection for LMP-1 and MBP conducted in this work, the antibody light chain is probably responsible for the binding to LMP-1, whereas combination with the heavy chain leads to the formation of a full-featured cross-reactive antibody binding both to LMP-1 and MBP. An increase in charged cDr3 is typical of autoantibodies specific for the studied MS autoantigens (MBP, MOG) and a potential viral MS trigger (LMP-1). 
